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Abstract

The CO:-pumped CF~ laser is a potent.al.ly useful nourcc of line-tunable! infrared rar3ia-
tion in the re~ >n 605-655 cm-’, and the spt?ctroscupy of C7~ h~s been carried LO the point
tll~cthe laser frequencies that will result from any qivcn pump line can br calculated to
better than 0.121cm-’. We now report quantitatlmvc intensity and line-brciad~ninq studies on
CT. and their application to mcidelinq ~hc laser qain. First, absorption mcas”~remcnts on
isolatc3 li,lcs in the ~.I+ vh pump band at a series of ~rcssurcs yield an cffectivo transi-
tion Jipule moment ior this band i 0.010 Dcbyc At the aamc time the transition moment f.)r
ttll, (.. + th) - .; laser band has been calculated and aqrees WC]] wlt.h the results of lasl:r
self-absolution measurements. Finall;, linewidt.hs determined as n iunctiofl of prcssur(,
yield a prcssuro-broadcninq cocfficlcnt of m. lC Wlz,/torr, siqniflcant.ly aruat(!r th,lllthnt
(;x:.w?ctodfrom CI hard-sphere qas-kinetic model. From thcso data the train of tlit, CF’ IIl!:(’r
c.1:11)(,calrulntocl at various prcr4suros and t,imocroturcs; 3thr rcsult~ arc in runnrm lIIIS
,lar~>cmt,ntwith mo,l.~urrd\g,-IlUCIS,
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where we have averaged over the initial ntatea and aumrnedover the final states with the
same external quantum numbers. The factor 1/3 arises since we are consiidsring only onc
directinn of polarization. Only transition for which AJ = O,*1 are allowed where we have
the following designations:

Jf = Ji -1 P branch

Jf = J..
A Q branch

‘f=Ji+l R branch

C:lrexpressions for Sif and <Pif> differ from tho~e of Fox and Person,
!,

since they
erroneously delets the denominator 3(2J1+1) in ~]Jjf~-
S.f.

and put it in their expressicnr for

k
The exact form of the dipole moment is not Important when calculating small signal

a sorptions, but is critical when calculating Rabi frequencies, absorption near saturation,
or gains.

Unfortunately, the i: + Vb combination band does not exhibit a gimp]e P, Q. R structure!.
This is bccausc the enharmonic interaction between the u: and ‘.4 vibrations is weak; henc~~,
the Fi a.ldF; subbands arc C1OSC and mix strongly by means of the Coriolis interaction. if
we write the ciqenstates of the Ilamiltonian as I(ExF:)Jf!?C’,,where R = Jf + 1, J, J -1 for
the three Coriolis sublevels of vh and C is a rovibrational symmetry species, then [he nc,w
body-fixed dipolr moment becomes

.2 =..,- .,2f2
‘“0,24 ‘1’0,24 ‘f’Rc

whcrr

f2
= ~ ,F~.lfC” l(1:XF),IfRC2J~IX’

f,”

(3)

(4)

is iust th~’SUIIIof squnrus of expansioil coefficients obtained by diaqonalizinq th(’
11.lmiltoni,~ll111tll~’F: basis. For ,1qiv~}llJr, w1* h,lvvJi - Jf+l, Jf, Jr-l for th~’p, Q, I(
hr.lnrhrs ,IIIdf?:.Jf+l, Jf, Jf-l for th’ +,0,- (:~riolis su~lcIvels, qi~,inq rise tm nil~(.
possibl(t slllhr,lnchcsilS 6hown in Fiq. 1. Each rovibrat.icmal stnt~ has ~ different dipol~l
for c!.Irfisubl,rant:hnccorrlinq to Eqs. (1) aIId (4),
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where vii >? kT/hc. Here Sif/p is in cm-2/torr and <IJO,Zb’ is in Debye (1D ~ 10-10 esu-cm).
The vibrational Partition function Z.,is calculated unina the followinu freauencieg and
degeneracies for-the fundamentals
Vb = 631.2(2)9.

Vibrational Transition nomentg

1) “-4CF4 , ~+(25) ~3+EB+F12
1 1

These spectra were recorded for a

‘]2CF,: V1
- .,,

of - 909.1:1)”, v, = dqs.d~z)+,.vj = 12E3.2(3)ti,

were calculated From Eq. (6) for two different lines:

(L~ = 10), vii = 106B.7 cm-l, fz = 0.723 .

series of pressu;es at each oi two different temperatures.
We were forced to use a diode that had seriously degraded resolutic’. (ea. 0.002 cm-l, or
well above the Domzler limit) , and conmeauentlv the sDectra could not be anslvzed on the
basis of a Dopple~~broadened contour. l~steadl the line areas wc~e estimated-by takinq thr
product of the peak absorbance and the half-width (fwnm on an absorkancc scale). To account
f~r absorption in the wings of the lines that is not included in tnis “trizlqular” approx-
imation, a correction factor of 1.065 was applied (this correction of 6,5S is strictly
applicable only to a Gaussian line, b’~t it is r,ot sensitive t~ the exact line shape assumrd
and will not significantly affect the results; in any case, the shape of a resoluLion-dl,-
graded line is not known with certainty).

A plot of the measuremcr,ts of line area as a function af pressure for T = 297 K is shown
in Fig. 2. A least-squares fit to the observed points yields a slope of (2.7fi4 0,09) x
10-” cm-” torr-l; dividin~ by the path ]cnqth of 120 cm qives S.f/IJ = (2.32 ‘ 0.08) x 10-’
cm-. torr- 1. The transition moment obtained from this value anh frcm a similar measurcm,nt
at T = 163 K arc summarized in ‘rablc 1. ‘the resklt at T = 297 is considered tho morL,
reliatzlc bccausc of pronounced resolution difficulties jn t:lc lower-tempcraturl~ rune.

2) 12CFC, Q+(20) F;+E3+F; (Ii = u),

.If
= 1263.6 cm-l, f2 = .527.

These sl.cctra w~~rc recorded at pressura~s ~
from 10 to 20 torr. To account for Asorp-
tion in the winqs of this line c Vo~qkt
lincshapo was assumed with a pregsurr i
lzroa’lcninqcoefficient qivcn below, rr-
Rultinq in n correction factor c;fabout Q

3) 1+.,..
4

with a tlinablr M: lasI’~. From their’
uriqina] Sp(*Ctril nt tllr[~cdi ff[.rc.ntl~rfls-
sures (2.[)to 11.4 torr) mnd ‘1’= 2!)(IK, {1111
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‘V0,24> = 0“3647 ‘%’”’’0,24)

where vD,?~ is the ba~d origin of v? + vk at 1066.4 cm-]. From thim equation we find
CP0,24> = (O.O1OO ~ 0.0003)D.

Table I. Vibrational Trai~sition .Moment of CF4, ‘.12+ ‘J4.
. — .— _,_

! IIL* T(K) z“ sif/p (cm-2 torr
-1, .“11.,24”.(D)

—-

(1) 14 +
-6

CF4’R ’25) 297 1.53 2.32(R) x 10-6 0.0099(2)
163 1.06 7.8(3) x 10 0.0091(2)

(2) 12CF4,Q+(20) 294 1.50 1.36(13) x 10-G 0.0102(5)

(3) 12CF4 R+(29) 296 1.5:!
-(1

2.9(3) x 10 0.0113(6)
v

(4) Dpncl intensity 300 -- -- 0.0100(3)

(Gnldcn et al.’”).—

The results in Table 1 are satisfying consistent, dcspitr the v~ry different np~rn.lrhl’s
used in the thrct? studica. We corcludc that for :. ● .. + ‘:.transitions in Cl’.,,,,,.. .
(O.O1OC ~ 0.0002)D irrcspcctivc of the carbon isotoue.

Press’lru-Broadcninq Coefficient.—

Tunab?c-diode laser mcasurement~ of the self-broadcninq cocfficirnt CP wcrr cnrrit’L!t.fl~t
for ficlcctr.?dassifincd and well-reso!vcd lines in ~ht’P-, n+, and R+ brnnrhcs of thl~ ‘“cl”.,
pump band at tcmpcriitures of apprnximatc]y 110, 157, rind 294 K ,andover n pressuru rtltl(i,.
of 0.1 to 41 torr (10 PiIto 5.5 kPn). There was no Siqnifirant cliffcrcnc(~ in Lhu cm’ft_i-
cicnts ~or the various lines, and accordinri]y tho dat.n wore cnmhincrf to qivc tho r-suit.s i:l
T~blr II. l’hesc arc consistent with thu more urtlcislirt-suit of Erkhardt rt u1., “ WIICI
mc~i]surod thr linowidth of finR+(29) trdnsltion with a tunablu CO. I,lscrnL !jrossurl~stIfO.’I
to 50 torr, atld obtained cp = 11.1 ‘lllz/torrat 150 K.

Tlmbll! 11. Prc:ssurc-l~roildcnirlqcu~~fficirnts ilri(l
durivcd o[ltical collision di~m~!tcrs for CF4
.2+,4 lines.

. —.—_ ..— — — .—— — — — .—— . .
T (K) (qll::/Torr,fwhm] :.Cp (X)r

.—. .-—.. ..— .- - .-. -— —.--— — ..———.

294 $ 1’1 (1’1 7.() ‘ 0.6

Ir,’ a ](i u’] ().9 ‘ 0.4

lln * 101’ 11’1 7,4 ‘ 0.4
~ ,- ,> - ,2,,;.--.——.-—.--.-— —— — .-,.—.. i)-,

#
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~ranaition Moments for v: + vb - vz

By measuring the laser self-absorption, one can determine che vibrational dipole moment
for the vz - vz + VI.transition. Since the V2 and Vk vibrations are only weakly coupled
for Jf > 5, we expect the dipole moment CUZ,ZbP fnr the vz + v? + vb tra21SitiOII to be
approximately the dipole mom nt ~1.10,*~ for the vo + VU transition.

,1
f

The later has been
calcula ed by Fox and Person tased on averaged band strength measurement of Saeki
et& and Levin and Lewis]? :

‘D2,24
>%.-u ~,4~ = .052 D .

We assume that for V7 -* \12 + \II transitions the rovibrational dipole moment is

.,2=
2Jf+l

‘Uif
.2—.

3(2Ji+l) “’0,4 “

(10)

(11)

We can now calculate line strenqths in ‘.(7 * v; 3 In.. First we must modify Eq. (1) so that
it applies to a hot-band transition. wc recall that the basic equatio,l for the strcn.lih
r2fa transition from state i to stat.c f is

whcirc Bi and Bfi arc the Einstein cocfficionts of absorption and induced emission, rcl-
rpurtivcfy, and Ni and Nf arc th’.numbers of mulerult~s in tho two states. NOW Ni =
NqicxP(-Ei\kT)/z, and Si121ilarl~ for Nf, wh~rL’ qi and C2farc thr?dc!gcncracic~ of thv two
statt-s. Since Bfi = (qi/qf) Bif and Ef - Fj : ‘,,wc hav@

If state i is the vibrational qrc]ultdfrtatu, then qi is thr rotltion,ll doacncrary !i(2,1i11)
and Ei i~ iust tho rotational onorq}’; substitu!inq Bf = (R””’711~“;lir’ violds XII. (1).
For a rr~vibrationi~ltransition from I, , qi = I .

A
(2.7*1!and Ei = {h~”:.)+ rot,ltinn.11(’III)I”:-.’,

so the factor r,xlJ(-h~-.,:/kT)must bo addorl to t r riqht hand side of l%. (1). ~nkill(~till::

FI’k “tiansitiml of ‘“CF, (FIOOFi(l.’1) [. : (iir. cm-], Ii :.101:

s f}!

‘o
111i

,.
~1.27x 10-’”’cm-2/tcrrr at 110 K

14. Rllx 10-(’cm-2/torr ilt 3011K .

I

(1.’1

(]1)
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Figure 3. Peak a%orption of th~ ‘“C’F. la~or line at 615 cm-’ Vg orct36urc for 4 2f10
cm path at a) 130 K and 11) 300 K.

In Fi9. 4 wc show the spectrum of ‘;Cl’:.nt’ar the 615 CM-L lasrr line with the P(31)
\,k~‘.10qround statf, and i + ., . . hc,tband trnnsit~ons identifi~d,”; The laser cmissinn
line P(31) FI lb+]:’’ +A,M at fIJ5.030 has an unidentified nhouldcr which contributes
substantially to th(tabsorption of l.ls~~rradiirtion seen
effects of the nrarby tails account for tht’ discrepancy
laser absorption in Figs. 3.
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in Fiqs. 3. This shoulder find thr
between the calculated and obsorv,,tl
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= lapl ‘U2L24 615
322/-,2

a
s ,2 m3

f%o,24. (1+4AY:) (1+:.%;)
(14)

where 2 is the Rabi frequency of the pump given by

14‘1) = 4.6 X 10 .“Pif’.,5 .:1(cm

Here I is the pump intensity in W/cm: and

2Jf+l
.. ,

“if’ = — “.L.0,24 ‘f
3(2Ji+l)

= 4.9 x 10-21 esu-cm for R+(29) F114+E9+A14

Usinq +hc W. power given by EckhardL, et al “ Of 1.3 W~cm’ wc find——.

.: = 2.6 x 10-3 cm-l

Substituting this into Eq. (14), wc find thak at 5 torr and 130 K lS = .0!32cm-’ in rorl-
trast to their measured value of .C35 cm-’. Artuillly the maximum gain cweurs at low(,r
power when thr!‘.,;+ .’*lCVC1 is not Stark-s!tlit.. The maximum possible qain occurs who;l
.,./.,p = 1/2 in which case us = .11 C:m-l.

The discrepancy between the calculated gain and the measured qain could ho cxpl,linc.dl).{
the iact that the CO: laser is not stable znd is not always on line center of th,l ., 4 ,,
absorption feature, From Fiil. 4 wc SCCI that the shoulder near thu P(31) F1’’+E”’+Alti
Lransiti.in could account for an absorption o! , s .5/200 cm = .0f125cm-l at 5 t.orr,111(I
130 K which should be insignificant compared to the laser qain.
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